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ABSTRACT 

The effect of metallicity on the observed light of Type la supernovae (SNe la) could lead to system¬ 
atic errors as the absolute magnitudes of local and distant SNe la are compared to measure luminosity 
distances and determine cosmological parameters. The UV light may be especially sensitive to metal¬ 
licity, though different modeling methods disagree as to the magnitude, wavelength dependence, and 
even the sign of the effect. The outer density structure, and to a lesser degree asphericiy, also impact 
the UV. We compute synthetic photometry of various metallicity-dependent models and compare to 
UV/optical photometry from the Swift Ultra-Violet/Optical Telescope. We find that the scatter in the 
mid-UV to near-UV colors is larger than predicted by changes in metallicity alone and is not consistent 
with reddening. We demonstrate that a recently employed method to determine relative abundances 
using UV spectra can be done using UVOT photometry, but we warn that accurate results require an 
accurate model of the cause of the variations. The abundance of UV photometry now available should 
provide constraints on models that typically rely on UV spectroscopy for constraining metallicity, 
density, and other parameters. Nevertheless, UV spectroscopy for a variety of SN explosions is still 
needed to guide the creation of accurate models. A better understanding of the influences affecting 
the UV is important for using SNe la as cosmological probes, as the UV light may test whether SNe 
la are significantly affected by evolutionary effects. 

Subject headings: cosmology: distance scale — ISM: dust, extinction — galaxies: distances and red- 
shifts — supernovae: general — ultraviolet: general 


1. THE INFLUENCE OF METALLICITY ON TYPE la 
SUPERNOVAE 

Supernovae are important cosmological tools for 
measuring the expansion history of the universe 
(iRiess et al.lll99^ iSchmidt et al.lll998HPerlmutter et al.l 


119991: iSuzuki et al.l l2012t iGaneshalingam et al.l^lSD. 

Their usefulness as stan dardizable candles (c.f. iBranchl 
119981 iLeibundgutI 1200111 requires the relationships be¬ 
tween the luminosity and the observed color and light 
curve shape to be the same for SNe at all redshifts. One 
major concern is that evolution in the properties of the 
progenitors with redshift will systematically change their 
luminosity and lead to incorrect distance measurements. 
One property expected to change with redshift is the av¬ 
erage metal content (mass fraction of elements heavier 
than helium) of the universe and its constituents as stars 
form from the elements created in the lives and deaths of 
previous generations of stars. We will refer to the metal 
content generically as ‘metallicity’ but will clarify as ap¬ 
propriate the specific elemental ratios or abundances. 

Metallicity could affect the progenitor system and ex¬ 
plosion (including the SN observables) at all times lead- 
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ing up to, during, and after the explosion. The premor- 
dial metallicity at the time of the SN progenitor forma¬ 
tion could affect the evolution of the SN progenitor into 
a white dwarf and it s final C/0 ratio and central density 
(|Umeda et al.lll99^ . It could affect the mass lost by the 
accre ting white dwarf through winds (iKobavashi et all 
Il998f) . The metallicity of the donated material could 
change the metallicity of the outer layers of the white 
dwarf. The metallicity of the WD could affect its final 
density structure. The electron fraction (influenced by 
the amount of ^^Ne present in the progenitor) affects 
the relative abundances of ^^Ni (which powers the lumi- 
nosity), ^^Ni and ^^Fe ([Mazzali fc Podsiadlowskill2006t 
iHofiich et al.ll201^ . The final metallicity (and its spatial 
variation) within the ejecta could be affected not just by 
the primordial metallicity but by the amount of nucle- 
osynthetic products of the explosion and the degree to 
which they are mixed. 

By its observational nature, astrophysicists cannot 
change the initial conditions of actual stars and observe 
how their explosions and observable characteristics re¬ 
spond. Instead, theoretical models are made from the 
best available knowledge of conditions and physical prop¬ 
erties. The ways that metallicity can be incorporated 
into theoretical models vary greatly. iHdflich et al.l (Il998f ) 
modified the pre-explosio n metal cont e nt an d examined 
the effect on light curves. iLentz et'HI (j200fll l attempted 
to replicate this in a radiation transport simulation by 
scaling the amount of elements heavier than oxygen in 
the unburned layers a nd the amount of ^"^F e in the in¬ 
complete burning zone. iTimmes et al.l (1200,111 studied the 
relationship between Z and the ®®Ni mass (and thus the 
luminosity). iSauer etlill (|2008ll tested the effect of vary- 
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ing the amount of s table Fe, ®®Ni, and Ti and Cr to¬ 
gether. iBravo et al.l (120101) changed the metallicity Z in 
the pre-main-sequence model, evolved it and exploded 
it to study the mass of ®®Ni ejected, the corresponding 
bolometric luminosity, and the effect on the luminosity- 
width relation. Most of these studies show that the ef¬ 
fect of changing hea vy metal abundances is the strongest 
at UV wavelengths (|Lentz et al.ll200Ct iSauer et al.ll200^ 
iWalker et al.ll201^ . 

Observationally, many studies have looked for ‘metal¬ 
licity’ or similar effects in the properties of SNe by com¬ 
paring with properties of the host galaxy. Most focus on 
two properties of SNe - their peak luminosity (which is 
correlated with the light curve shape) and the difference 
between the peak luminosity and that expected based 
on the light curve shape. The latter is often given in 
terms of Hubble residuals (HR), defined as the differ¬ 
ence between the redshift distance modulus (calculated 
using the redshift of the host galaxy and the best fit cos¬ 
mology) and the luminosity distance mo dulus (calculated 
from t he SN flux and light curve shape). iGallaeher et al.l 
(j2005l ) found no correlation between emission line metal¬ 
licity of star forming host galaxies and the SN luminos¬ 
ity and a low significance correlation with HR. They 
concluded that metall icity could be a secondary effect. 
iGallagher et al.l (I2008D reported a correlation between 
age and optical luminosity and between HR and the 
metal abundance for early type galaxy hosts using di¬ 
agnostic grids o f spectral ind i ces to determine the age 
and metallicity. iHowell et al.l (120091) were unable to re¬ 
produce the latter result using data from the Supernova 
Legacy Survey (SNLS). They us ed SEP fitting t o detr - 
mine the galaxy masses and the iTremonti et al.l (2004) 
relation to convert to metallicity) iHowell et al.l (2009) 
did find a correlation between the SN ®®Ni mass (de¬ 
termined from the peak bolometric luminosity of the 
SN) and the luminosity-weigh ted age of the host. For 
nearby SNe (jKellv et a^l.l 120101) as well as m ore distant 
SNe wit h SNLS data (Sullivan et al.l IMTol) and SDSS- 
H data ([Lampeitl et al.T2010D . a relationship was found 
between the light curve shape-corrected SN luminosity 
and the mass of the hos t galax y (estimated from SED 
fitting). iD’Andrea et al.l (j2011t ) found significant differ¬ 
ences when correlating HR with the gas phase metallic¬ 
ity or the specific star formation rate. The underlying 
source of the correlations is unclear, as the host galaxy 
mass, metallicity and star for mation are all connected to¬ 
gether. iHavden et al.l (|2013D compare the residual scat¬ 
ter after correcting for mass alone and after correcting 
using the fundamental metallicity relation (which incor¬ 
porates mass and star formation). They find the funda¬ 
mental metallicity relation provides a significantly better 
correction and conclude tha t metallicity is the pri mary 
cause of the SN variations. iChildress et al.l (|2013D find 
HR differences at low and high host mass with a sharp 
break in between. They argue that dust and progenitor 
age could also explain the differences. 

Despite the larger expected differences in the UV, 
tests at those wavelengths have lagged behind due to 
the relative paucity of UV SN data compared to that 
available in the optical. Rest-frame near-UV spectra 
of local SNe were co mpared to more distant samples 
by iRiess et ^ (|2007D . using rest-frame near-UV spec¬ 


tra of z^l.l SNe observed wit h HST.lEllis et al.l (|2008D . 
using z~0.5 SNe from SNLS, lEolev et ~ (1200^ using 
z^O.5 SNe from ESSENCE, and lEolev et al.l ~( 2012D . us¬ 
ing z~0.2 SNe from SDSSH. In constructing a mean spec¬ 
trum, all noted an increase in the average flux level in 
the UV a nd an increase in t he dispersion at shorter wave¬ 
lengths. lEllis et ^ (I2008D found the variations to be 
larger than that expected from metallicity differen ces as 
modeled bv iLentz et al.l (|200ClD . lEolev et ^ (I2008D noted 
that the bl ueshifted Si H 635 5 A would indicate higher 
metallicity (jLentz et al.l 120001) . the weaker Ee HI 5129 
A line could ind i cate lower metallicity (|H6flich et al.l 
II998I : ISauer et’aTl I2008D. and the highe r UV flux level 
could i ndicate high er dUoflich et al.lll99 8D or lower metal¬ 
licity (|Lentz et al.l 120001: ISauer et al.l l2008j) . UV pho¬ 
tometric studies showed a modest increase in scatter 
at near-UV wavelength s (iBrown et al.ll201(il : iWang et al.l 
120121 : MiIne_et_alJ[2 013D a nd a large dis persion in the mid- 
UV (Brown et al .1 1 201 OD . Recently, lEolev fc Kirshneil 
(12013 ) presented a relative metallicity determination be¬ 
tween two SNe la based on UV spectra from H ST which 
was further discussed in iGraham et al.l (120151 ). 

In examining the pos sibility of evolution in SNe la, 
IHowell et al.l (|2007D and iSullivan et al.l (I2009D find mod¬ 
est evolution in the optical properties which may be of 
concern when much higher accura cies are demanded to 
differentiate dark energy models. ISullivan et al.l ()2nn9f l 
also find a UV flux difference between the low-z and 
intermediate-z SN samples, but the nearby sample only 
had 3 spect r a with in th e SN stretch a n d epo ch cuts. 
iCooke et al.l (1201 ID and iMaeuire et al.l (I2012D used a 
much larger sample of near-UV spectra f rom HST, con¬ 
firmin g the earlier results. Additionally. iMaguire et "ni 
(j2012D used the models from IWalker et al.r ( 20121 ) to con- 
clude that the magnitude of both the dispersion and evo¬ 
lution were con sistent with variat ion and evolution in 
the metallicity. iMilne et al.l (|2015D categorize local and 
distant SNe la based on the NUV -blue/red dichotomy 
demonstrated in IMilne et al.l (120131 ). They find that the 
systematic differences in the UV flux of nearby and dis¬ 
tant type la SNe discussed above results not from a shift 
in the color distribution but a shift in the relative frac¬ 
tions of type la belonging to these two groups whose color 
distributions are similar across redshifts. 

With high quality UV spectra from HST and a large 
photometric sample from Swift/UVOT, it seems timely 
to access some of the SN models and how they relate to 
now available observations. In Section 2 we will discuss 
the observational sample. The theoretical models to be 
utilized will be described in Section 3. In Section 4 we 
will compare the observations to the models using colors 
and color differences. Our conclusions are summarized 
and discussed in Section 5. 


2. SWIFT OBSERVATIONS 

For our observational sample, we utilize observations 
of SNe la frorn the Swift Ultra-violet /Op tical Telescope 
(jGehrels et al.l[20?)3 : iRoming et al.l 120051). We use SNe 
previously published (IBrown et al.l 120091: IMilne et al.l 
120101 : IBrown et al.l l2012bl lal: IMilne et al.ll2013[ ). but up- 
dating the previously published photometry as necessary 
with the rev ised UV zeropo i nts an d sensitivity degra¬ 
dation from iBreeveld et al.l (120111) . This is done as 
part of the Swift Optical/Ultraviolet Supernova Archive 
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Fig. 1.— Top Panel: Swift UVOT filter curves. Middle Panel: 
Theoretical spectra from [Walker et 1|2Q12 ^ for which the metal 
content has been scaled relative to the best- fit model for SN 200 5cf. 
Bottom Panel: Theoretical spectra from ISauer et al.l J2008I) for 
which the outer density gradient has been parameterized by a 
power-law and the index varied. 

(SOUSA; iBrown et alJl2014ah . The updated photome¬ 
try is available from the Swift SN websitt0. We limit the 
sample to normal SNe (i.e. no SN 1991T-like, 1991bg- 
like, or 2002cx-like SNe) with 1.0 <Ami 5 {B)< 1.4 ob¬ 
served with Swift at the time of the B band maximum 
light. This cut is done for two reasons. First, the mod¬ 
els under consideration were based on normal SNe and 
thus are not as applicable for the other subtypes. We 
do not want color differences that might correlate with 
Ami 5 (i?) to be confused with the color differences from 
metallicity. Second, our metallicity concerns focus on 
normal SNe that are useful for cosmology. We do not 
correct for extinction, but will use color-color plots and 
reddening vectors to show the effect it will have. 

For comparison with the observations, spectropho¬ 
tometry on the HST spectra and model spectra use 
the revised ef f ective area curves and zeropoints of 
iBreeveld et al.l (|2011ll . The wavelength range of the 
filters is shown in the top panel of Figure [1] The 
spectrophotometry naturally includes the red tails of 
the uvw2 and uvwl filters which transmit a significant 
a mount of optical ligh t when observing very red sources. 
In iBrown et al.l (|201Clll an approximate correction (equiv- 

® http://swift.gsfc.nasa.gov/docs/swift/sne/swift_sn.html 
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Fig. 2.— Color curve s of SNe 2011by and 2011fe along with other 
young, normal SNe la (IBrown et al.ll2C)14bl i. The uvwl-v colors of 
SNe 2011by and 2011fe are very similar. The uvm2-uvwl colors of 
SNe 2011by and 2011fe are distinct (but small) at all times, but 
the difference becomes smaller with time. 

alent to an s-correction to an idealized filter with the 
tails truncated) was utilized to study the dispersion of 
absolute magnitudes in the UV as might be observed at 
higher redshift with an optical filter with a sharper trans¬ 
mission cutoff. Such corrections can be highly uncertain 
because they require a spectrum to be assumed or mod¬ 
eled in order to determine the relative fraction coming 
from the UV and optical portions of the spectrum. In 
comparing with model spectra, such corrections are un¬ 
necessary as spectrophotometry will include the effects 
of the optical tails. Differences that exist solely in the 
UV may be diluted by the optical flux, but we show 
below that the uvw2 and uvwl still provide unique in¬ 
formation. In the following we will refer to wavelengths 
between 2500-4000 A (including the UVOT u and uvwl 
filters) as the near-UV (NUV) and 1600-2600 A (includ¬ 
ing the uvw2 and uvm2 filters) as the mid-UV (MUV). 
UVOT’s optical filters are b and v (4000-6000 A). For 
our broad color comparisons we will use uvm2 to rep¬ 
resent the MUV (because it has very low sensitivity to 
optical photons), uvwl to represent the NUV (due to 
several bright SNe la being at or above the saturation 
limit in Swift’s u band), and v-band to represent the op¬ 
tical (for the broadest wavelength coverage). Other filter 
choices would give the same general conclusions, and the 
wavelengths of certain features would make certain filter 
combinations particularly advantageous. 

In Figure[2]we show the Swift/UVOT colors of a repre- 
sentative sample of SNe . To facilitate comparisons with 
iFolev fc Kirshneil (|2013D . we highlight the colors of SNe 
2011by and 2011fe, which show the same characteristics 
reported from the spectra: The optical and NUV light 
curves and colors are very similar, differing only in the 
epochs more than five days before the B band peak. In 
the MUV, SN2011fe is consistently bluer. This difference 
is qualitatively si milar to the colors a nd a bsolute mag¬ 
nitude s studied bv I Milne et al.l (120101) and IBrown et al.l 
dMa), namely, a low dispersion in the optical and NUV, 
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and an increased dispersion in MUV uvm2 and uvw2. 
The growing Swift SN sample shows there could also be a 
significant var iation or bimodal distribution in the N UV- 
optical colors (jThomas et aUlToilUMilne et al .11 201,111 . In 
this paradigm, SNe 201 Iby and 201 If e are both classified 
as NUV-blue SNe (jMilne et alJl201,‘ll l. Compared to the 
larger sample of SNe, SNe 201 Iby and 201 Ife are quite 
similar in the MUV as well, as the MUV differences be¬ 
tween SNe 2011by and 2011fe are small compared to the 
large scatter seen between other objects. It is the cause 
of these similarities and differences which we wish to ex¬ 
plore with various theoretical models. 


3. THEORETICAL MODELS 

As described in Section 1, many different groups have 
examined the differences which metallicity and other pa¬ 
rameters have on SN observables. Here we describe in 
more detail five sets of models for which we have spec¬ 
tra for our compariso n s: iLentz et al.l (1200011 ISauer et'al] 
(I2008I1. IW alker et al.| (I2012I1 . iBlondin et al.l ( 201311 . and 
IKromer fc SimI ()2009[1 . We will refer to these hereafter 
as LOO, SOS, W12, B13, and K09, respectively. 

The LOO models begin with a W7 deflagratio n 
model (|Nomoto et al.l 11984 iThielemann et al.l Il986ll . 
The radiative transfer cal culations were performed 
with the PHOENIX code (iHauschildt fc: BaronI 119991 
iHauschildt et al.lll996[l . The models are given at epochs 
7, 10, 15, 20, and 35 days after explosion, with luminos¬ 
ity parameters modified to fit optical (not UV) spectra 
of SN 1994D at -12, -9, -4, 0, and 15 days after B band 
maximum light. The metallicity is changed by scaling the 
number abundance of elements heavier than oxygen in 
the outer, unburned C-l-0 layer (velocities 14,800-30,000 
km s“^) by a factor ( between 1/30 and 10. They then 
renormalize the mass fractions in each layer. To simulate 
the nucleosynthetic effect of metallicity changes, they 
also scale the amount of ®^Fe in the incomplete burning 
zone (8800-14,800 km s“^) in the same way. Considering 
the effects separately, the element abundances in the un¬ 
burned layer have a much stronger effect on the observed 
spectra. Here we use the model spectra where both of 
these effects are combined, parameterized by the scaling 
factor (. 

Figure [3] shows the spectrophotometry of models cor¬ 
responding to 15 and 20 days after explosion. These 
and the other model plots show the model photome¬ 
try subtracted from the baseline model photometry to 
quantify the differences. In the day 15 models the MUV 
brightness increases as c( decreases (corresponding to a 
lower heavy element abundance in the outer layer). The 
changes to the optical and NU V are negligible, co n sisten t 
with the flux ratios shown bv iFolev fc Kirshneii (I2013f) . 
In the right panel, the day 20 models (corresponding to 
the maximum light epoch of SN 1994D) the changes are 
more modest and affect all of the filters but with the 
effect strongest at shorter wavelengths. 

S08 used the densi t y structure W7 deflagrat ion model 
(|Nomoto et al.l 11984 IThielemann et ah 1 19861) and the 
Monte -Carlo radiative transfer code of IMazzali fc Lucvl 
(jl993f) . The composition and luminosity were tuned so 
that the emergent spectra matched the UV/optical spec¬ 
tra of SNe 2001eh and 2001ep at 9 days after B-peak (the 
epoch of the HST UV spectra). Here we use the models 
of the moderately declining (Ami5(i?)=1.41) SN 2001ep. 


The effect of metallicity is probed by changing the abun¬ 
dance of certain elements in the outermost zone with 
velocities above 14,500 km s“^ (extending to 70,000 km 
s“^) at the expense of oxygen. They modify the sta¬ 
ble Fe, ®®Ni, and Ti and Cr together. Of these, ®®Ni 
has the strongest effect in the MUV, though each has 
a unique signature in the spectral differences which also 
shows up in the broadband photometry. Figured shows 
the relative spectrophotometry for the Fe and ®®Ni mod¬ 
els. In the left panel, decreasing the amount of Fe has 
little effect at any wavelength, but the u and uvm 2 bands 
are brighter (and the b band fainter) for larger amounts 
of Fe. This increase in UV flux is attributed to a larger 
number of saturated Fe lines encouraging reverse fluores¬ 
cence. In the right panel, the MUV filters are brighter for 
lower amounts of Ni. As the amount of Ni is increased, 
the u band is brighter while the MUV and b bands are 
fainter. The fact that filters with significant overlap can 
move in different directions shows that some of the effects 
are restricted to narrow bands in wavelength. 

S08 also compute spectra for different density struc¬ 
tures resulting from different explosion models (W7, 
WDD2, and DD4) and with the density of the outer lay¬ 
ers modeled as a power-law with a varying index. The 
relative spectrophotometry is shown in Figure [SJ The 
NUV flux is significantly weaker for the DD4 and WDD2 
models compared to W7. For varying density profiles, 
the NUV flux is strongly enhanced for shallower profiles 
but also enhanced for steeper profiles. Clearly the density 
profile has a strong but non-linear effect on the MUV lu¬ 
minosity. The wavelength where the differences show up 

- the explosion models affecting the NUV and the vary¬ 
ing power law in the outer density affecting the MUV 

- might prove an importa nt diagnostic i n cons training 
the true density structure. IMazzali et al.l (120141 had to 
modify the standard explosion model density structure 
to fit the UV spectra of SN 201 Ife. 

The W12 models use the density profile of the W7 de¬ 
flagration mo del and delayed deton ation models WDDl 
and WDD3 (|Iwamoto et al.1 1199911 depending on the 
luminosity/Ni mass produced. The radiative trans¬ 
fer is done with a Monte-Carlo code (jMazzali fc Lucvl 
1199311. Using an abundance tomography approach 
(|Stehle et al.l 1200511 to model the UV/optical observa¬ 
tions of SN 2005cf, many premaximum epochs are uti¬ 
lized to constrain abundances in the outer layers to cre¬ 
ate the near-maximum model matched to the observa¬ 
tions 0.9 days before B-band maximum. The metallic¬ 
ity is changed by scaling the abundances of all elements 
with atomic number above calcium by a factor 77 rang¬ 
ing between 0.05 and 5. The mass fractions are similarly 
scaled at the expense of unburnt C/0. This is done in 
the outer three layers of the model, corresponding to ve¬ 
locities greater than 13,100 km s“^ for the luminosity 
log(Li,oi/LQ)=9.6 model. Plots showing t he effect from 
chang ing single elements are also given in IWalker et al.l 
(|2012^ . They also create models with varying luminosity 
corresponding to different energies and ®®Ni production. 

The left panel of Figure H] shows the effect of chang¬ 
ing the metal abundance in the outer layers. For lower 
metal abundance the MUV filters and the NUV uvwl 
filter are brighter, while increasing the metal abundance 
lowers the flux in those filters. The right panel shows 
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Fig. 3. — Left: Magnitude differences in the UVOT filters for the Lentz models at 15 days after explosion. These are spectrophotometric 
magnitudes computed from the model spectra subtracted from the baseline measurements to highlight the differences. Positive values 
indicate an increase in flux in that filter relative to the baseline model. Right: Magnitude differences in the UVOT filters for the Lentz 
models at 20 days after explosion. While the largest differences are still in the MUV Alters, there is also significant change in the other 
filters. 
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Fig. 4. — Magnitude differences for different forms of metallicity variations. These are spectrophotometric magnitudes computed from 
the model spectra subtracted from the baseline measurements to highlight the differences. The left panel shows the differences varying the 
amount of Fe. The right panel shows the differences from varying ^®Ni abundances. In both cases the UV is much more strongly affected 
than the optical, but the filters are affected by different amounts for the different variations. 
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Fig. 5.— Left: Magnitude differences in the UVOT filters for the SOS models using the density structure from different explosion models. 
These are spectrophotometric magnitudes computed from the model spectra subtracted from the baseline measurements to highlight the 
differences. 

Right: Magnitude differences in the UVOT Alters for the SOS models with the density structure of the outer layers parameterized by a 
power-law with a variable index. To isolate the effect of changing the slope of the outer density structure, the /3=-12 model is used as the 
baseline for this comparison. Only the mid-UV (uvw2 and uvm2) Alters are affected. 
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the different luminosity models. This is clearly reflected 
in the magnitude differences of about 1.6 mags for most 
filters. The lowest luminosity model also shows a signifi¬ 
cant chromatic difference with the uvwl relatively fainter 
and the uvm2 relatively brighter. Note how the effects 
cancel each other out leaving the uvw2 magnitude un¬ 
changed. 

B13 uses a forward modeling approach with a grid 
of one-dimensional Chandrasekhar-m ass delayed deto¬ 
nation models as in IKhokhlo"^ (1199111 . The density at 
which the transition from deflagration to detonation 
is varied, resulting in differing amounts of ®®Ni. The 
radiative transfer was done using the CMFG EN code 
(|Hillier fc Milled |l998t iHillier fc: Dessartl [201211 . From a 
larger grid, eight models were published in B13 which 
matched observed spectra. Compositions are not var¬ 
ied, but we use these models to see how well a modern 
forward modeling approach matches the UV photome¬ 
try of observed SNe. We also explore the variation of 
UV colors on the properties of the models. Figure [7] 
shows the model magnitude differences with respect to 
the DDCIO model which was found to be a good match 
to SN 2005cf (the same SN on which the W12 baseline 
model was based). 

K09 use an ellipsoidal toy model to explore how the 
viewing angle of an asymmetric explosion will change 
the observed properties. K09 stresses the simplicity and 
extreme asphericity of the model. As in K09, we are 
also less interested in the magnitude of the effect but the 
relative strength it has on the different filters. We use the 
spectral output at maximum light. Figure [5] shows the 
differences in magnitude as a function of viewing angle, 
such that 0° corresponds to viewing down the semi-major 
axis and 90° views down on the equator. 

The effect on the magnitudes is less chromatic than for 
the other models considered. There is an overall luminos¬ 
ity variation, related to the observed cross section (K09). 
The spectrum blueward of 4000 A is more strongly af¬ 
fected, so the V band is affected less than the others. 
Thus B-V or NUV-V colors are affected, but MUV-NUV 
much less so. 

Before comparing to observations we emphasize that 
LOO and B13 took a forward modeling approach while 
the SOS and W12 models were modified to individual 
SNe with UV observations. They do not represent all 
SNe la, but we test how well changing the models rela¬ 
tive to them reproduces the variation observed in SNe. 
We also note that the models considered in this paper 
do not represent a full sample of the models considered 
in the literature. They are not even a full sample of 
the models considered in the above five studies. The 
models used represent the most applicable models avail¬ 
able to us. To allow for comparison, it might be prof¬ 
itable to establish an online database of models compara¬ 
ble to the observational da tabases currently availab le via 
SUSPECTEI, WISEREF0 (lYaron fc Cxal-YamllMl . and 
the Cf^El and Berkeley/Filippenko Group SN archives 
FI (|Silverman et al.l [201211 . The useful outputs to share 
might range from the density structures used as input 

^ http://bruford.nhn.ou.edu/ suspect/indexl.html 

® http://www.weizmann.ac.il/astrophysics/wiserep/ 

® http://www.cfa.harvard.edu/supernova/SNarchive.html 
http://hercules.berkeley.edu/database/index_public.html 


to the output spectra and light curves. To allow theo¬ 
retical models to be compared with our data, we make 
our SO USA photometry ava ilable on the Swift SN home 
pag-iFI (jBrown et al.ll2014^ . 

4. RESULTS 

4.1. Colors 

The models of iLentz et al.l (I2000H are at epochs of 7, 10, 
15, 20 and 35 days after explosion. The model spectrum 
at 20 days was matched to a maximum light spectrum 
of SN 1994D, so we use that to shift the epochs from 
days after explosion to days from maximu m light. The 
iWalker et al.l (|2012ll and lSmier et al.l (120081 1 models were 
run for epochs of -1 and 9 days after B maximum, re- 
spectiyely, based on the epochs of the spectra ayailable 
to them. We compare the models to the Swift/UVOT 
observations described above in uvm2-uvwl and uvwl- 
V. Figure El plots the color evolution of the Swift SNe la 
to the varying-m etallicity m(3dels L OO, SOS, and W12. 

The models of iLentz et al.l (|2000ll are about one mag¬ 
nitude too blue in both colors and evolve much faster, 
but the shape of the uvwl-v color evolution is qual¬ 
itatively similar to the observations. We emphasize 
that these models were matched to optical spectra and 
then modified to explo re the differences in metallicity. 
The iLentz et’aTI (1200011 W7 models were not based on 
UV spectr a and are much bluer than observations (e.g. 
SN 1992A: iKirshner et al.llTO^ ) or more recent mo dels 
(compare Figures 1, 2, and 3 in iBaron et al.ll2006ll . Sim¬ 
ilar models based on a delayed detonation scenario are 
being investigated ( M. J enks, et ah, in prep aration). The 
IWalker et alJ (120131 and I Sauer et al.l (|200^ models were 
based on observed UV spectra and better match the ob¬ 
served colors. For this study we are less interested in the 
actual colors but rather the scatter in the observed colors 
and whether it could be accounted for by the variation 
in model colors. The LOO and SOS models underestimate 
the uvwl-v scatter. The spread of the W12 models is 
similar to the spread of t he observed colors. Th is is con¬ 
sistent with the finding of iMaguire et al.l (|2012ll that the 
scatter in their NUV spectra was consistent with metal¬ 
licity variations from W12. The W12 models do not cover 
the spread in the uvm2-uvwl colors. The other models 
also underpredict the scatter in the uvm2-uvwl colors, 
though the SOS models are quite comparable at 9 days af¬ 
ter max where the observed uvm2-uvwl colors are more 
uniform. Some additional scatter could be the result of 
extinction, though we see SNe which are bluer than most 
of the models. Color-color vectors could differentiate the 
effects. As shown in Figure [101 the metallicity differences 
redden the colors in a manner generally similar to dust 
reddening, but bluer observed colors suggest intrinsic dif¬ 
ferences beyond that explored by the models. 

4.2. Flux Ratios 

To see the difference between two SNe or amongst a 
group of SNe, one can divide the flux of one by the flux 
of the other. This can be done with models as well. 
iFolev fc Kirshneil (|2ni3[ l used this flux ratio method to 
attribute the difference between SNe 201 Iby and 201 Ife 
to a metallicity difference of 1/30 based on the mod- 

http://swift.gsfc.nasa.gov/docs/swift/sne/swift_sn.html 
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Fig. 6.— Left: Magnitude differences in the UVOT filters for the Walker models (with fixed log(L)=9.6) with varying metallicity. 
These are spectrophotometric magnitudes computed from the model spectra subtracted from the baseline measurements to highlight the 
differences. 

Right: Magnitude differences in the UVOT filters for the Walker models with varying luminosity and a fixed metallicity. 



Fig. 7.— Magnitude differences (compared to the DDCIO model ) 
for different ID d e layed -detonation models IjBlondin et al.ir2Q13l') . 
See lBlondin et ^ l|2013h for details about the numbered models. 
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Fig. 8. — Magnitude d ifferences for differen t viewing angles for 
an ellipsoidal toy model K romer fc Simlf2OO90 . 


els of ILentz et al.l (|2000H . While some groups have ex¬ 
amined the effects on indiv idual line strengths and lo¬ 
cations (I Walker et al.l 12012(1 , most of the comparisons 
with observations hav e relied on broader spectr al shapes 
(|Maguire et al.l 120121 : iFolev &: Kirshneil 120131) . Such 
broad spectral shapes can also be measured using pho¬ 
tometry. For one such implementation, we use similar 
colors as above comparing the MUV to NUV and NUV 
to optical: uvm2-uvwl and uvwl-b. The b band is used 
here because the HST spectra of SN 2011by do not fully 
cover the v band. The color difference between any two 
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Fig. 9. — Color evolution as observed for Swift/UVOT SNe and 
as predicted by various models. The color evolution of the Lentz 
models is faster, stronger and offset from that observed. The colors 
of the Walker and Sauer models match most of the SNe (having 
been tuned to actual observations) but with a scatter inconsistent 
with the observations. The dispersion in colors and different epochs 
should constrain the variation of different model parameters. 


models separates out the color effects as a function of 
the model parameter changed. The left panel Figure [TT] 
shows the color differences for the day 15 LOO models 
(each subtracted from lower metallicity) as a function 
of the metallicity ra t io bet ween the two. As reported 
by IFolev fc Kirshneil (|2013D , the flux ratios in the mid- 
UV are similar between models with the same metallicity 
ratios regardless of the absolute metallicity. The dot¬ 
ted verycaljme_shows_tlm metallicity difference inferred 
by IFolev &: Kirshneil (|2013D from dividing the SN 2011fe 
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Fig. 10. — Color-color plot of the models and observations. The 
colors of the l Walker et aEl ||2012I ~) models are shown with solid sym¬ 
bols while the Swift/UVOT observed colors at peak are plotted as 
open symbols. An arrow s hows the reddening vector for the Milky 
Way JCardelli et al.iri98fll l extinction law with E(B-V)=0.1. The 
observed colors show a larger scatter than the models but not in a 
manner consistent with reddening. 


spectrum by the SN 2011by spectrum and comparing 
with the spectral flux ratios of the Lentz models. 

The horizontal line shows the color difference of SNe 
201 Ife and 201 Iby from H ST just before maximum light 
(the same spectra used bv iFolev fc Kirshn^l201,‘ljl . The 
uvwl-b colors of the models contain too much scatter 
without knowing the absolute metallicity of one of the 
objects and are consistent with a large spread in metal¬ 
licity difference from 3-50. The metallicity difference in¬ 
ferred from the photometry would be a factor of 100, 
and uncertainties of a few percent in the colors would 
also allow the FK13 estimate of 30. 

The fact that the two lines and the model photometry 
differences intersect at the same place suggests that UV 
photometry could put the same constraints on the metal¬ 
licity differences between SNe as the rarer and harder to 
obtain UV spectra. This result assumes that the model 
differences are the same as those in the SNe. Such a com¬ 
parison might also require further optical photometry 
and spectra to identify SN pairs which are otherwise sim¬ 
ilar. The photometric comparison does miss out on small 
scale differences due to varying line o r continuum flux, 
but so did the spectral comparison of iFolev fc KirshiiCT 
(j2013l l. Studying small scale differences in UV spectra 
might better reveal the origin of the differences. The UV 
photometric differences could then constrain the magni- 
t ude of the differences. 

iGraham et al.l (|2015f) found that a comparison of the 
premaximum spectra of SNe 2011by and 2011fe were 
also consistent with a 1/30 difference in the metallicity. 
With the larger temporal coverage of the UVOT pho¬ 
tometry of SNe 201 Iby and 201 Ife we can compare the 
post-maximum behavior. Similar to the left panel, the 
right panel of Figure [TT] shows relative color differences 
between the mode ls and the observa tions. The day 20 
spectral models of iLentz et al.l ()2000f l which were mod¬ 
eled to a maximum light spectrum of SN 1994D show 
a much depressed variation in the mid-UV. The post¬ 
maximum behavior is also very different than observed. 
While this photom etric method appears promising, the 
iLentz et al.l (1200011 models do not accurately reflect the 


5. SUMMARY 

In this paper we have shown the photometric effect of 
changing the metallicity, density structure, and asym¬ 
metry of type la SN models. Metallicity and density 
structure changes cause photometric differences which 
generally increase at shorter wavelengths, while asym¬ 
metry changes affect the B-V color and are flat blueward 
of B. Compared to Swift SNe, the predicted scatter from 
metallicity variations is smaller than what is observed , 
particularly in the mid-UV. The older iLentz et al.l (l2000f l 
models do not predict the color evolution very well, but 
the temporal differences in the colors and color disper¬ 
sion suggest multi-epoch modeling and predictions to be 
an attractive way to resolve degeneracies in the many pa¬ 
rame ters which effect the U V flux (see also lHdflich et all 
120131 and lSadler et al.ir2ni3[ l. 

Ignoring the absolute color differences in the 
ILentz etdll (1200011 models, we explore how color dif¬ 
ferences between SNe could be used to measure metal- 
licity differences as has been claimed for UV spectra 
(jFolev fc KirshneJl2013[ l. We find the photometric dif¬ 
ferences between SNe 2011by and 2011fe give the same 
metallicity differences as the spectra when using the same 
pre-maximum ligh t models. The near-peak models form 
ILentz et al.l (1200011. however , unde rpredict the mid-UV 
differences. The ILentz et al.l (|2000[1 models do not repro¬ 
duce the color differences from multi-epoch photometric 
comparisons. While metallicity may indeed be the dif- 
fer ence between these simi lar S Ne, the difference fou nd 
bv iFolev fc Kirshn^ (1201311 and IGraham et all (1201511 is 
not s upported by our observ ations. Here we have fol- 
lowed lFolev fc Kirshned (|2013ll in assuming that the color 
differences between SNe 2011by and 2011fe are solely 
caused by a single parameter under investigation. The 
photometric tests show that a number of different pa¬ 
rameters strongly affect the UV light. The large UV dis¬ 
persion seen in SN observations is likely the product of 
multiple effects. With improved models, however, time- 
series comparisons (with photometry or spectroscopy) 
might prove very effective in quantifying physical dif¬ 
ferences between SNe or their progenitors and showing 
which differences are observationally degenerate. 

Understanding the temporal changes is an important 
step in understanding the differences amongst SNe la, 
since different effects will likely have different time scales. 
Historically, detailed modeling of SNe relied on high- 
quality, single epoch UV spectr a. The superbly sam pled 
UV observations of SN 201 Ife (iMazzali et al.l [^014f) al¬ 
lowed the energetics, density structure, and metallicity 
to be very well constrained. Modifying those para me¬ 
ters (similar to ILentz et al.l 1200(1 iSauer et'M] 120081 and 
iWalker et al.l l2012|l and following the resultant differ¬ 
ences in the UV colors would clarify what could make 
SN 201 Iby appea r so similar in the optic al and yet dif¬ 
ferent in the UV (jFolev fc Kirshne'ill2Cil3ll . It would also 
help us better understand the UV differences for the 
larger sample of SNe observed photometrically in the 
UV. Despite the larger photometric sample, additional 
UV spectral series are needed in order to map out the 
variations in observed properties. 

This work benefitted greatly from discussions with R. 
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